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ABSTRACT 

We use an 18' x 9' mosaic of HST/ACS images covering the entire large-scale struc- 
ture around the X-ray luminous cluster MACSJ0717. 5+3745 (z = 0.545) to study the 
morphology of galaxies at the cluster redshift. We find the global fraction of morpho- 
logical types of galaxies to be consistent with results in the literature. In addition, 
we confirm the morphology-density relation of both early-type and late-type galax- 
ies. Interestingly, we find that the fraction of lenticular galaxies (SO) also correlates 
with local galaxy density, in contrast to the findings of a study of the cores of 10 
clusters at similar redshift by Dressier et al. (1997). We suggest that this apparent 
inconsistency is due to differences in the spatial coverage around clusters, which is sup- 
ported by the fact that the correlation disappears for SOs within a radius of O.6R200 of 
MACSJ0717. 5+3745. We interpret this result as evidence of the morphology-density 
relation being caused by a combination of morphological transformation triggered by 
galaxy-galaxy interactions, and effects related to the formation and evolution of large- 
scale structure. In environments of low to intermediate density, where galaxy-galaxy 
interactions are frequent and efficient, the observed pronounced morphology-density 
relation for SOs reflects the density dependence of the interaction cross section. In 
clusters, however, the correlation disappears for SOs, as the much higher galaxy veloc- 
ities in clusters not only lower the interaction cross section, but also cause a spatial 
redistribution of galaxies that all but destroys such a correlation. This argument does 
not hold for elliptical galaxies in clusters which, having formed much earlier, have 
settled into the large-scale cluster potential; hence the morphology-density relation 
for cluster ellipticals may reflect primarily the state of advanced dynamical relaxation 
of this population within the cluster rather than a causal link to the environment 
responsible for the morphological transformation of galaxies. 
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1 INTRODUCTION 

Our understanding of the morphological evolution of 
galaxies has advanced significantly since the discovery of 
the morphology-density relation (T-S relation he reafter , 
Dresslerlll980l ; IOemlerlll974l ; lMelnick fc SargentJI 19771 ) thirty 
years ago. It is generally accepted that the observations of 
more spirals and less SOs at higher redshift ([Dressier et al.l 



19971; iFasano et al.ll2000l;lTreu et al.ll2003l ; lGoto et al 



Postman et all 120051 ; ISmith et all 120051 ; iDesai et al 



2003b 



2007 



* Based on observations made with the NASA/ESA Hubble 
Space Telescope, obtained at the Space Telescope Science Insti- 
tute, which is operated by the Association of Universities for Re- 
search in Astronomy, Inc., under NASA contract NASA 5-26555. 
These observations are associated with program GO-10420. 



IPoggianti et al.ll2009l . but see also Andreon et al. 1998 and 
Holden et al. 2009 for a different view) imply that local SOs 
are the products of a morphological transformation. 

Various physical mechanisms may be responsible 
for this transformation, inclu ding galaxy-g alaxy merg- 
crs jBarnes fc Hernquisti Il99ll ). harassment dMoore et all 
1 19961) . ram-pressure stripping |Gunn fc Gottl 1 19721). and 
tidal distortion by the cluster potential (|Bvrd fc Valtonenl 
1990). The efficiency of the first two mechanisms corre- 
lates with the local galaxy density but decreases dramat- 
ically with increasing relative velocities which lead to low 
galaxy-galaxy interaction cross sections. Hence, both merg- 
ers and harassment are likely to contribute significantly to 
the T-E relation f ound in environm ents of low to interme- 
diate density (e.g. iGoto et al.ll2003al ). In a high-density en- 
vironment like clusters, however, the latter two mechanisms 
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are more efficient. Regardless of its physical origin, a pro- 
nounced T-E correlation is observed in the local universe for 
all morphological types dDress lcr 1980: [Dressier et al.lll997l : 
iFasano et al.ll200d ; lThomas fc Katgertll2006h . 

In recent times, the transformation of late-type to 
lenticular galaxies occurred in large numbers, as evidenced, 
for instance, by the actual dominan ce of SOs in clusters in the 
local universe (|Fasano et al.|[2000l , and references therein). 
The temporal evolution (with redshift) of the morphologi- 
cal mix of galaxies in various environments remains unclear 
though. The gradual increase of the SO population can, cur- 
rently, be traced back only to redshifts z > 0.5; at higher 
redshift their fractional abund ance appears to remain un- 
changed (e.g. iDesai et al.ll2007h . Possibly related, a T-E cor- 
relation has not been observed for SOs in clusters at z ~ 1 
|Postman et al.ll2005l ) and will thus have to have been built 
up since z~ 1. 

Studies of the T-E relation of, specifically, SOs at inter- 
mediate redshift are few, compared to thos e of early-type 
and la te-type galaxies. The classical work of iDressler et alj 
i|l997h shows a flat T-E relation of SO galaxies in clusters at 
z ~ 0.5 in a study of galaxies in the cen tral 0.4 — 0.8 h~ Mp c 
of clusters. Recent observations (e.g. IWilman et al.| [2009). 
however, suggest that the formation of SO galaxies may be 
most efficient in less dense environments, such as galaxy 
groups. Thus, no pronounced T-E relation may be observed 
if the study is restricted to the galaxies within the core of 
clusters. 

We here present a wide-field study of galaxies around 
the massive cluster MACS J0717.5+3745 (z = 0.545) to ex- 
amine the T-E relation of SOs at intermediate redshift and 
to shed light on the impact of environment on the morpho- 
logical transformation of galaxies. 

Following an introduction of the target of our study in 
Sj2]and a brief description of our data-reduction procedure in 
321 we describe our morphological classification scheme in SJU 
In i}5] we present the T-E relation. Finally, Sj6] discusses and 
summarizes our results. Throughout this chapter, we adopt 
the concordance ACDM cosmology with ho = 0.7, £l\ = 0.7, 
Q m = 0.3. Magnitudes are quoted in the AB system. 



satellite clusters/groups embedded in an almost linear (but 
slightly bent) filament extending almost 6 Mpc to the South- 
East of the main cluster (Fig. [T]). 



3 OBSERVATION AND DATA REDUCTION 

This is the fourth paper in a series on M ACSJ071 7, agai n 
using ext e nsivel y the data pre se nted in lEbelind (2004), 
iMa et al.l (|200St ) and iMa et all (I2009T ), i.e. a photomet- 
ric catalogue in seven bands (BVR c I c z' ob tained with the 
Supr ime-Cam wide-field imager on Subaru (Miyazaki et al. 
l2002h . u* as observed with MEGACAM /CFHT, and JK S 
of WIRCAM/CFHT (|Puget et all 120041 ') provenance), and 
galaxy spectra obtained primarily with the DEep Imaging 
Multi-Object Spectrograph (DEIMOS) on Keck-II. For this 
work, we add to these data sets a mosaic of images in two 
passbands obtained with the Advanced Camera for Surveys 
(ACS) aboard the Hubble Space Telescope. 

3.1 Cluster galaxy catalogue 

We use the ca talogue of cluster galaxies as compiled by 
iMaet a.1.1 (|2008h . It contains, first, all spectroscopically iden- 
tified cluster members, defined as all galaxies with 0.522 < 
Zspcc < 0.56(0, and second, all galaxies with photometric 
redshifts 0.48 < z ph < 0.610. The magnitude limit of the 
combined catalogue is set to mR c < 22.5. For reference, the 
absolute R c - and V-band magnitudes of galaxies at the mag- 
nitude limit of the catalogue are typically Mr c ~ —20.5 and 
M v 20.2. 

The distribution among several subclasses of the galax- 
ies thus selected is summarized in Table. [1] In doing so, 
we split the overall sample not only according to morpho- 
logical type, but also provide a breakdown into the three 
spectroscopic classes (absorption-, emission- line, and E+A 
galaxies Although an investigation into the correlation of 
morphological and spectroscopic types is not central to the 
work performed here, we present the respective statistics for 
use in, and comparison with, future studies. 



2 MACSJ0717.5+3745 

MACSJ0717.5+3745 (MACSJ0717 hereafter) is one of the 
most X-ray lumino us clusters at z>0.5 in the MAssive Clus- 
te r Survey ( MAC S lEbeling et al.ll200ll.l2007ifl. As discussed 



Ebelind J2004h 



Ma et al 



( 200^7 l200g| l; iBonafede et~aH 



l|2009h : Ivan Weeren et al l (|2009l ). it is a complex merging 



system connected to a linear large-scale structure and the 
only cluster t o exhibit and obvious fila ment on Mpc scales in 
the sample of lKartaltepe et al.l l|2008f ). Within 1 Mpc (pro- 
jected radius) of the cluster core, studies of the density and 
temperature distribution of the intra-cluster medium (ICM) 
as well as of the gal axy distribution find the main cluster to 
be a triple merger (|Ma et al.l f2009). The system is a prime 
target for galaxy evolution since, in addition to the high- 
density cluster core, it comprises a wide range of environ- 
ments on larger scales in the form of several X-ray detected 



1 Global X-ray properties of MACSJ0717 are summarized in 
IMa et al.l i200Sh 



3.2 ACS images 

MACSJ0717 was first observed with HST/ACS in April 2004 
(PropID GO-9722, PI: Ebeling) and revisited in January 
2005 (PropID GO-10420, P I: Ebeling) to c over the filamen- 
tary structure discovered in lEbelind 12004). The entire data 
set consists of 18 images in two filters (F814W and F606W) 



2 The range of spectroscopic redshifts corresponds to z = z c i ± 
3<T apec . The cluster redshift z c ; = 0.5446 and velocity disper- 
sion CTspcc = 1612 km s^ 1 are determined from the redshift 
distribution of gala xies within the virial radius of the cluster 
tebeline et al.ll2007fi . 

3 The range of photometric redshifts is given by z p ^ = z c i ± 
2(jph, where a p ^ is the Gaussian scatter in the residuals between 
spectroscopic and photometric redshifts. 

4 The emission-line galaxies are denned as galaxies with de- 
tectable [Oil] or Hp. For those galaxies with no [Oil] and Hp 
emission features, the absorption-line and E+A galaxies are dis- 
tinguished using the equivalent width of Hg: EW(-ffj)<4A for 
the former, and EW(Hg)>4:A for the latter. 
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Figu re 1 . Area covered with HST/ACS images; overlaid are contours of the adaptively smoothed galaxy surfac e density ( same as in 
iMa et al.l £2008)). The red circles mark the locations of the merging components of the main cluster identified in IMa et ah | J200gf) ; the 
green line schematically traces the filament. 

Table 1. Number statistics of galaxies in MACSJ0717. The overall statistics for the different morphologies types are shown in the first 
line, together with the corresponding fractions (in parentheses). 



Type 


All 


S 


SO 


E 


all 


657 


333 (0.51 ±0.03) 


126 (0.19 ±0.02) 


198 (0.30 ±0.02) 


photometric z 


214 


151 


25 


38 


spectroscopic z 


443 


182 


101 


160 


absorption-line 


267 


42 


78 


147 


E+A 


16 


9 


6 


1 


emission-line 


160 


131 


17 


12 
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Figure 2. Images (F606W a nd F814W) of s elected cluster galaxies. The 16 cluster members within the ACS mosaic that have been 
classified as E+A galaxies bv lMa et al.1 (2008) arc shown in the top panel; the middle and bottom panels show examples of absorption- 
line and emission-line galaxies, respectively. The morphological type indicated in the lower left corner of each image is the result of a 
identification process that combines visual inspection and automatic classification as described in detail in i|4.2l The numbers shown in 
the parentheses in each panel are Sersic index (n) and Bumpiness (B), respectively. 



covering a contiguous area of 18' x 9' (see Fig. Q]). At the po- 
sition of each tile, the exposure time in the F814W passband 
was 4020 sees and 1980s in the F606W filter. The F814W 
image at the center of the cluster, obtained earlier for GO- 
9722, is slightly deeper with an exposure time of 4560 sees. 

The ACS data reduction is performed using the 
HAGGLeS pipeline (Marshall et al. 2010, in prepara- 
tion; Schrabback et al. 2 009), which employs MultiDrizzl(0 
ijKoekemoer et all 120021 ) for distortion correction, cosmic- 
ray rejection, and stacking. Individual frames at each mo- 
saic position are drizzle d together onto a 0.03" pixel grid 
ijSchrabback et al.ll2009l ). We then extract quadratic postage 
stamps of each cluster galaxy of size 8 half-light-radius 
on th e side as estimated by SExtractor |Bertin fc Arnoutsl 
1996), but requiring a minimum size of 5" (see examples in 



Fig. [2]). For galaxies falling within more than one tile we se- 
lect for our morphological analysis the image that is farther 
from the respective tile boundary. 



4 ANALYSIS OF GALAXY MORPHOLOGIES 

4.1 Surface brightness fit and Bumpiness 

In order to quantify the morphology of galaxies within 
the entire MACSJ0717 complex, we fit the two-dimensional 
surface-brightness distribution of the selected galaxies in the 
F814W passband with a Sersic model and an additional sky 
background component using G ALFnJf]( Peng et al. 



This procedure is described in detail in iMa et al 



al sky - 
2002). 



201 



We here only note that the Sersic index n is constrained to 



5 MultiDrizzle version 2.7.0 



http: //users. obs.carnegiescience.edu/pcng/work/galfit/galfit. html 
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Figure 3. Distribution of Sersic indices and bumpiness parameters for MACSJ0717 cluster members. The symbols indicate morphological 
class: early-type (circles), lenticular (SO, triangles), and late-type galaxies (stars). The symbol size is proportional to the total R c -band 
magnitude. In both panels, the two solid lines show the linear relati ons B = 0.0 65(n + 0.8) and B = 0.05(n — 1), which divide early- and 
late-type galaxies, and SO and elliptical galaxies, respectively l IBlakeslee et al . 2006). In the left panel, the shading indicates morphological 
sub-type (dark red represents E, red E/SO, orange SO/E, green SO, and so on). Filled symbols identify cluster members with spectroscopic 
redshifts; open symbols mark galaxies classified as cluster members based on their photometric redshift. In the right panel, we show only 
cluster members that have spectroscopic data; here the color indicates the spectroscopic types: blue for emission-line, green for E+A, 
and red for absorption-line galaxies. 



0.2 < 7i < 4.0, since allowing larger values of n can cause 
the best-fit value of the effective radius to become unreason- 
ably large without a significant improvement of the fit. Also, 
neighboring objects will only be fit simultaneously with ad- 
ditional Sersic models if they are connected to the target 
galaxy in the segmentation map generated by SExtractor. 
Otherwise, any neighboring objects appearing in the stamps 
will be simply masked out. 

Using the best-fit Sersic model, we can estimate the 
bumpiness paramete iQ (B; defined in lBlakeslee et all [2006) 
for each galaxy, which quantifies the deviation of the 
smoothed Sersic model from the observed surface-brightness 
distribution. Since the B values of galaxies with non-radial 
structures, such as spiral arms or tidal features, are larger 
than the values for galaxies which are well described by a 
smooth Sersic model, the bumpiness parameter is useful to 
distinguish between early- and late-type galaxies. We note, 
however, that, in practice, an early-type galaxy may be as- 
signed a large B value if its surface-brightness distribution 
cannot be fit well by a single Sersic model, but requires mul- 
tiple Sersic-models of different effective radii. Thus, the B 
value alone is not a robust morphological identifier. 



7 The bumpiness (B) is defined as the normalized residual of 
the surface-brightness distribution, /, and the fitted Sersic model, 

\/(U-S(fle,n)]2)-< CT f ) 

S(R e ,n): B = {S(R — nY) ' wnere ^ e ' s * ne effective 

radius, and a is the flux uncertainty of the observed surface- 
brightness image. We compute these averages over an annulus 
with an inner radius of two pixels from the galaxy centre and an 
outer radius of 2R e . The subscript s indicates smoothing by a 
Gaussian function with FWHM= 0.085". 



4.2 Galaxy morphology 

We follow the same classification scheme as used in iMa et all 
(2010) to characterize the morphological type of cluster 
galaxies according to three major Hubble types, i.e. elliptical 
(E), spheroidal (SO), and late-types (S), where the late-type 
galaxies include all disk, interacting, and irregular galaxies. 
Galaxies that cannot be clearly assigned to one of these ma- 
jor types are categorized as sub- types, S0/E or E/S0, where 
the order indicates preference. When we calculate the frac- 
tion of morphological types, these sub-types, however, will 
be counted under their most probable major type. 

IMa et all (|2010h compare two classification methods, 
visual classification and the already mentio ned Bumpiness- 
Sersic scheme (B-n method hereafter; see Blakcsle e et al.l 
l200fj ; lvan der Wei et aT1l2007l ). and find that both have their 
own advantages and disadvantages. The B-n method pro- 
vides a quantitative, operational definition of SOs, but some- 
times fails for early-type galaxies that cannot be described 
well by a single Sersic model. On the other hand, we can 
easily distinguish between early-type and late-type galax- 
ies by eye, but the classification of SO can be subjective. 
We, therefore, combine the two methods; the classification 
is primarily performed visually, and the B-n method is used 
to characterize the visually ambiguous cases. In detail, the 
ACS postage stamps of individual galaxies are examined 
in rando m order and compare d by eye with the templates 
shown in lPostman et all (120051 ). In ambiguous cases, galax- 
ies will be classified as E/S0 if B < 0.05(n - 1), S/S0 if 
B > 0.065(n + 0.08), and S0/S or S0/E for values of B in 
between the two division lines (Fig. 0. 

Fig. [3] shows the values of Bumpiness and Sersic index 
for all cluster galaxies within the ACS mosaic. Using the 
right panel of Fig. O and Table [T] we can compar e the mor- 
pholog ical and spectroscopic types identified in IMa et all 
(2008). We find that a large fraction of the E+A galaxies 
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Figure 4. Distribution of ellipticity of ellipticals (top panels) and 
SOs (bottom panels) in MACSJ071 7 compared to results from the 
litera ture for both local clusters ^Dr essier 1980; Andrco n et al,l 
ll996T l. and ten clusters at 0.37 < z < 0.56 l|Dressler et al.lll997l V 
For reference, the vertical lines show the lcr uncertainty for the 
highest bin of our own data. 



in MACSJ0717 are late-type galaxies, and that their Ser- 
sic indices are spread out over the e ntire range, in c ontrast 
to the E+A galaxies in MACSJ0025 |Ma et alj|201(ih which 
typically feature S ersic indices of n ~ 2. In addition, we fin d 
42 passive spirals (|Moran et al.ll2007l ; IDressler et al"1ll999l ). 
defined as absorption-line galaxies with late-type (S) mor- 
phology. 

In Fig. [4] we compare the ellipticitjjf] distribution of 
SOs and ellipticals in MACSJ0717 to that obtained for other 
clusters in previous studies. For both SOs and ellipticals 
these distributions are , in general, co n sistent with the ones 
from the literatures llDresslerl Il980l ; lAndreon et al.l Il996j ; 
IDressler et al.|[T997l : lLane et al.ll2007l ) which strengthens our 
confidence in the validity of our morphological classification. 



8 Ellipticity is one free parameter in the Sersic-model fit de- 
scribed in £|4.1I 

9 A two-sided Kolmogorov-Smirnov test finds the differences to 
be significant at about the 1-sigma level. 




Figure 5. T-S relation of galaxies around MACSJ0717. In the 
top panel, the fraction of different morphological classes are plot- 
ted with respect to £io, our estimator of the projected galaxy 
density. The three points on the far left mark the fraction of 
three morphological classes for field galaxies (defined in ij5jl. In 
the bottom panel, the normalized cumulative distribution of dif- 
ferent morphological classes are shown. 



5 MORPHOLOGY-DENSITY RELATION 

To derive the T-E relation, we adopt the standard local 
galaxy- density estimator Eio, defined as the surface density 
out to the 10th nearest neighbor galaxy. Eio is calculated 
using all galaxies with photometric redshifts consistent with 
the cluster reds hift f i)3.1[) . and with magnitudes R c < 24 in 
iMa et all l|200Sl ). 

We find the fraction of late-type galaxies (S) to de- 
crease monotonically with local galaxy density, whereas the 
fraction of early-type galaxies (E+S0) shows the opposite 
trend (Fig. [5}. The mix of morphological types at the high- 
est galaxy densities is qualitatively consiste nt with the re- 
sults for other clusters at sim ilar redshift (e.g. IDressler et all 
1997; Poggianti et al. 2009). We note that a detailed com- 
parison should account for selection effects introduces by, 
e.g., differences in the magnitude limits or the definition 
of morphological types and cluster membership. In addi- 
tion, the morphological mix of cluster galaxies at the low- 
est galaxy densities is consistent with that of field galaxies, 
which are selected from our spectroscopic catalogues by im- 
posing 0.44 < z spcc < 0.48 and 0.61 < z spcc < 0.65. 

Interestingly, the fraction of SO galaxies at the cluster 
redshift increases with local galaxy density, a trend observed 
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Figure 6. Distribution of galaxies of different morphology classes 
with cluster-centric distance. The symbols are the same as in 
Fig. [5] Some symbols are shifted slightly by ±0.02 Mpc for clarity. 



in local clusters (|Dresslerl Il980l ; iThomas fc Katgertll2006h. 
but not observed before in clusters at z > 0.5 ( Dressier et al.l 
1 19971 ; iPostman et al.|[2005h . A comparison of the normalized 
cumulative distributions for the three morphological classes, 
shown in the bottom panel of Fig. [5] further confirms the 
similarity between the trends of SO and E galaxies. A two- 
sided Kolmogorov-Smirnov test finds that the difference be- 
tween these two distributions to be significant about the 
1-sigma level, and thus consistent with both distributions 
being drawn from an identical parent population. To our 
knowledge, this is the first detection of the T-E relation of 
SOs at z ~ 0.5. 



5.1 Morphology-radius relation 

The correlation between galaxy morphology and cluster- 
cent ric distance is not as fundamental as the T-S relation 
(e.g. iTreu et al. I l2003l ; IThomas fc Katgert|[2o51 ; lLane et all 
l2007h because of its dependence on spherical symmetry. 
Confirming this caveat, we find that the morphology-radius 
relatior£3 of galaxies at the redshift of MACSJ0717 (shown 
in Fig. [6| is not as clean as the T-E relation. The fractions 
of E and SO galaxies only increase within ~ 2 Mpc radius 
around MACSJ0717 but then stay flat until a radius of about 
4 — 5 Mpc, which marks the location of the secondary galaxy- 
density peak near the endpoint of the filament (Fig. [1]). 



5.2 Correlation with global cluster properties and 
cluster redshift 

The existence of correlations between galaxy morphology 
and global cluster properties is more controversial than the 
T-E relation. Several studies find correlations between the 
morphology of galaxies and the velocity di spersion and X- 
ray luminosity of their host clusters (e.g. IPoggianti et al.l 
120091 ; iDesai et al.ll2007l ). For MACSJ0717, we find global 
morphological fractions of 0.51 ± 0.03 (S), 0.19 ± 0.02 (SO), 



10 We define the cluster center as the loc ation of the peak of the 
X-ray surface brightness llMa et al-lliopgh . 



0.30 ± 0.02 (E) (see also Ta ble ffl. Within 0. 6-R200 (the 
radius used in the study by Pog gianti et~ai] \200$ )) the 
balance shifts, unsurprisingly, toward a higher fraction of 
early-type galaxies: 0.28 ± 0.05 (S), 0.29 ± 0.05 (SO), 0.42 ± 
0.06 (E). These values are similar to the ones observed in 
MACSJ0025.4-1222 (z=0.584) in work bv lMa et al] (|2010l ) 
who find morphological fractions of 0.35 ± 0.04 (S), 0.29 ± 
0.04 (SO), and 0.36 ± 0.04 (E). Both sets of morphologi- 
cal fractions are con sistent with the results compiled by 
IPoggianti et alj l|2009t) for a large sample of clusters covering 
a wide range of velocity dispersions and X-ray luminosities. 
Our measurements suggest, however, a flattening of the cor- 
relations of early- and late-type fractions with cluster X-ray 
lu minosity for ext remely luminous systems (see also Fig. 7 
of riMa et al.ll20"l0] )). 

As mentioned in SjT] the fraction of morphological types 
evolves strongly with cluster redshift. For lenticulars, it in- 
creases from a value of roughly 20% at redshift 0.4 to 1 , 
to about 50% in t he local Universe |Dressler et al. Il997l : 
iFasano et ai]|2000l ; IPostman et~ai1l2005l ; IDesai et al.ll2007r ). 



Our value of 0.29 ±0.05 for the SO fraction within O.6-R200 of 
MACSJ0717 (z=0.545) is thus slightly high in comparison, 
but still consistent with all results in the literature. Thanks 
to the high optical richness of our target cluster, ours con- 
stitutes one of the statistically most robust measurements 
of morphological fractions at any redshift. 



6 SUMMARY AND INTERPRETATION 

Our primary results are twofold: first, we find the global frac- 
tions of morphological types among the galaxy population of 
MACSJ0717 (z=0.545) to b e consistent with tho se of other 
clusters at similar redshift l|Wilman et al.| [2009. and refer- 
ences therein). Second, our wide-field study of the galaxy 
population in and around MACSJ0717 shows that a T-E 
correlation for lenticular galaxies exists already at z=0.545. 

At face value, o ur second result appea rs to be different 
with the findings of iDressler et al] l| 19971 ) who observe no 
significant correlation between SO fraction and galaxy den- 
sity in a study of the cores of 10 clusters at comparable 
redshift. A simple linear regression finds (0.16 ± 0.05)) for 
the slope of the T-S relation of SOs in MACSJ0717 (i.e. a 
significant correlation), compared to (0.049 ± 0.048) for the 
intermediate-redshift sample of Dressier et al. (1997). The 
discrepancy can be explained, however, by the different areal 
coverage of the respective surveys. To allow a fair compar- 
ison, we show in Fig. [7] the T-E relations for MACSJ0717 
using only galaxies within (top) and beyond (bottom) a ra- 
dius of O.6-R200 ~ 1-2 Mpc from the cluster core. We find 
the correlation apparent in Fig.[S]to be generated mainly in 
the cluster outskirts, with little contribution from the core 
region, consistent with earlier work. The different behaviour 
of elliptical and lenticular galaxies in the two panels of Fig. [7] 
also argues strongly against our findings being due to, or sig- 
nificantly affected by, errors or biases in our morphological 
classification. 

The strong dependence of the T-E correlation on 
cluster-centric radius gives us a valuable clue to the physical 
mechanisms underlying the morphological transformation. 
One explanation for the observed flat distribution within 
cluster cores could be that the transformation mechanisms 
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at work are the cluster-specific ones (ram-pressure stripping 
and tidal disruption caused by the cluster potential, JfJ) 
which do not depend directly on local galaxy density. This 
explanation, however, cannot account for the pronounced 
T-E relation detected in our study once the survey area 
is enlarged to include the cluster outskirts. The efficiency 
of galaxy mergers and harassment, on the other hand, in- 
creases with galaxy density and decreases with relative ve- 
locity; hence, galaxy-galaxy interactions are highly implau- 
sible causes of morphological transformation in the very 
cores of clusters. By contrast, the efficiency of moderate- 
velocity galaxy-galaxy encounters for morphological trans- 
formation is evidenced by many studies of galaxy evolution 



Helsdon fe Ponmanl 
Moran et al.l (120071 ) 



in intermediate-density environment 
2003; IWilman et al. | |2009| ). Specifically,] 
demonstrates that suitable environments include the out- 
skirts of clusters. As shown in bottom panel of Fig. [7] this 
is indeed the environment that contributes the bulk of the 
observed T-E correlation. 

A correlation between morphological fractions and local 
galaxy density could, however, still be expected in environ- 
ments between the aforementioned extremes, i.e., closer to 
the cluster center but far enough from the very core for rel- 
ative galaxy velocities to be low enough to be conducive t o 
merging and harassment (|Moore et al.lll999l : lMihosll2004) . 
No convincing correlation of this kind is, however, present 
in the top panel of Fig. We propose an explanation for 
this observation in the following paragraph. 

For the purposes of the following argument we separate 
the lenticular galaxies found in clusters at moderate to high 
redshift into two populations, but note that this distinction 
need not imply different physical original. At and beyond 
the outskirts of clusters, galaxies transformed as the result 
of galaxy-galaxy interactions at low relative velocity domi- 
nate the SO population, and hence their numbers correlate 
with local galaxy density. Lenticular galaxies found in the 
cores of clusters, however, were largely accreted from the 
low-density environment at larger cluster-centric distances 
where they formed. This cluster-core population does not 
exhibit a correlation of the SO fraction with local galaxy 
density because we observe and recognize these galaxies as 
lenticulars only after the morphological transformation has 
been largely completed. This proce ss takes of the order of 
a few Gyr (jKodama fc Small 120011 ) , which is larger than 
the cluster crossing time. Hence the location of these mem- 
bers of the second population of SOs is not representative of 
the environment that initially triggered their morphological 
transformation and no T-E correlation is observed* 2 !. 

In the local universe this picture is slightly altered, 
as the cluster lenticulars created in the processes discussed 
above will have settled into virial equilibrium, meaning their 
spatial distribution will now trace the gravitational poten- 
tial of the cluster. Intriguingly, a direct consequence of this 
argument is that the T-E relation observed for SOs in local 



11 We will explore and attempt to quantify he relative efficiencies 
of cluster-specific mechanisms and of galaxy-galaxy interactions 
in a future study. 

12 This argument remains valid if a fraction of the lenticulars in 
cluster cores were in fact created in situ through cluster-specific 
mechanisms, since the distribution of this sub-population still 
would not correlate with local galaxy density. 





Figure 7. Same as Fig. [5] but for galaxies with r < O.6R200 (Top) 
and r > O.6R200 (Bottom). For reference, a linear regression shows 
the slopes of SO fractions as a function of log(Eio) are 0.10 ±0.13 
(Top) and 0.20 ± 0.09 (Bottom). 



clusters (e.g. [Dressier 198^) does not establish a causal link 
between these two quantities, but is mainly the result if a 
fortuitous mix of a population that traces the cluster poten- 
tial (ellipticals and old lenticulars) with a second population 
that does not (newly created SOs and spirals still being ac- 
creted from the field) . For ellip tical galaxies which may have 
been created as early as z ~ 2 (|van Dokkum fc Fr ame 2001) 
the same argument holds also for clusters out to z ~ 1, i.e., 
even at moderate to high redshift the observed pronounced 
T-E correlation tells us little about the cause of the mor- 
phological transformation from late- to early-type galaxies. 

Finally, we emphasize that we do not suggest that the 
T-E relation of SOs in the local universe in general is unre- 
lated to the density dependence of the morphological trans- 
formation of galaxies - it is only in clusters that much 
of the observed correlation is likely to be spurious. In the 
low- to intermediate-density regime, this relation still con- 
stitutes one of the most convincing pieces of evidence of 
density-dependent galaxy evolution. However, when inter- 
preting this relation in cluster cores we need to bear in mind 
that the galaxy density at the observed location of an SO is 
not indicative of the density of the environment within which 
the morphological transformation originated. 

Our discovery of a significant T-E correlation in this 
study demonstrates that the large-scale environment of 
MACSJ0717 is conducive to the creation of lenticular galax- 
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ies via galaxy-galaxy interactions already at z—0.55, which 
leaves us with a conundrum. The fact that no significant 
evolution in the fraction of any morphological galaxy type 
is observed at z > 0.35 would only be understandable, if the 
physical mechanisms discussed in JT] were not efficient at 
intermediate to high redshift. Our finding, however, shows 
that at least mergers, and possibly also harassment, are at 
work, a result that does not come unexpected in view of the 
fact that the galaxy environment at z — 0.4 — 1 is not dra- 
matically different from the one encountered at, e.g., z ~ O.f . 
Why then, does the global fraction of lenticular galaxies 
remain constant all the way from z ~ 0.35 to z ~ f? A 
pa rtial answer may b e provided by a hypothesis advanced 
by I Smith" et al l (|2005h who argue that a significant fraction 
of SOs forms so early that it cannot be explained by the 
transformation of infalling late-type galaxies. While this ar- 
gument may explain why the global fraction of SOs does not 
decrease to essentially zero at high redshift, it fails to ac- 
count for the absence of any apparent evolution at z > 0.35. 

Future large-scale studies of massive galaxy clusters at 
z > 0.3 may provide the best statistics to accurately es- 
tablish both the redshift at which the T-E correlation fi- 
nally disappears and the global morphological fraction of 
SOs which continue to play a pivotal role in our understand- 
ing of galaxy evolution. 
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